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Abstract: [ Objective] Carbon cycling in paddy soils is crucial for carbon sequestration and soil fertility
enhancement. The rice root zone, being the most active site of this cycle, exhibits carbon turnover processes that are
closely linked to soil redox conditions and iron phase transformations. However, the iron-mediated organic carbon
mineralization process under redox gradients remains unclear, and the carbon-iron coupling mechanism requires
systematic elucidation. [ Method] In this study, it is established a simplified rhizosphere microcosm system by using
soil columns equipped with artificial roots. Four redox potential gradients of the soil column were constructed by
adjusting water conditions (60%, 80%, and 100% of soil water saturation capacity, plus 3 cm flooding), and 3C-
labeled glucose was used as a model root exudate, for investigating the effects of iron phase transformation on total
organic carbon mineralization and priming effect in the root zone under different redox states. [Result] The results
showed that: (1) Both soil Eh reduction and exogenous glucose input significantly increased the cumulative
emissions of CH4 and CO2. Under water-saturated conditions, the incremental emission of CH4 was significantly
higher than that of CO: in the glucose-amended treatments, and vice versa in the unsaturated water content. (2) In
both glucose-amended and non-amended treatments, soil dissolved organic carbon (DOC) content generally
decreased compared to pre-incubation levels, but the aromaticity of DOC increased under saturated conditions. Eh
reduction and glucose input stimulated ferrous iron (Fe?*) reduction and iron-associated organic carbon (Fe-OC)
release, with Fe-OC content variations showing significant correlations with iron speciation and CO2 emission rates.
(3) The activities of carbon cycle hydrolase and oxidase were significantly affected by the redox gradient and glucose
input. Cellobiohydrolase (CBH) activity decreased with decreasing Eh and showed a negative correlation with
CH4+CO2 emission rates. Moreover, phenol oxidase activity was higher in the saturated water treatments than in the
unsaturated water treatments and was positively correlated with the rate of gas emission. Glucose addition
significantly increased the activities of phenol oxidase and catalase oxidase. [Conclusion] Both the “iron gate”
and “enzyme latch” mechanisms synergistically regulated CH4 and CO2 emissions. The findings provide critical
parameters and a scientific basis for predicting rhizodeposited carbon sequestration potential in subtropical iron-rich
paddy soil, and optimizing water management strategies to enhance carbon storage and mitigate greenhouse gas

emissions in rice cultivation systems.
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Fig. 1 Schematic diagram of the artificial root culture system device
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FAFHEREC (Agilent GC 7890 A, ZEED g ; 3C-CO, A B3C-CH4 = FEAS FHAR & 1 [FIf7 2%
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8¢ CO2-C W b iHH AR -
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Cs=Cr—Csom 2)
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RS ITVE R .
fif 122 0.05 mol- Lt KoSO IS, KA MUK /A4 (B3 Vwp, HAS) i€ DOC
WRE, FHRANAT WA 66E it (shimadzu UV2600, H A< € DOC £ 254 nm &b W 6 AE
FH UL SUVARss. SUVAss 1ITHE A YR
SUVA254 = (A2 / Cpoc) x 100 (4)
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21, KRB E PN REL05 g B3 1 L KM, I 60 mL ZFRENGE MG i FE R
S&H, BEE ARG B 96 AL RZTIMA 200 v L S B 41 - 458380F1 50 ul 200
pmol-L?t B4 (4-MUB- B -D-MERGHI &I HEE . 4-MUB- B -D-2F4E —FiH ). [FI 5B XY
FEFRZEMR . FENFELs )G, BT 25 CHRREFFAME IR 3h, HFRE WG LA 10 puL
1 moL-L*NaOH £ 1t /% B, FH 2 IhAEEFA#1X (TECAN Infinite M200PRO, #E[E) 7EIUR WK
+ 365 nm AU 450 nm &4 N IE SR . Ty A A Bl AT I A A S 1 U s o a5
MR T E R, E A B TE RS WA 2 i R B 96 BRLER AR AR A 200 wL
1) IR 50 v L FIEIKY) (L-DOPA), [A]—FF S I B brA, L —py il i -p & ok
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h, T 460 nm &4 FllE R . Hodr, By S bR E HEARYE AR AN HoO2 ¥ W 1 i ik 45
Rb&, EER WAL 2RY) 0 BG4 CAT 3G TR I P9 N il 1 =B 45 AT 5. AR
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43 FIFH Excel 2018. SAS 9.4 1 Origin 2016 #EATHEALFE . G it o0 b AR HI/E . 1
MR ZREAMHA R TTZ 08 (ANOVA) 4G /N2 2 R fEka i (LSD) #HTHiEZ & ik
5 (P<0.05), it {7 /Rih (Pearson) AHICMEZr T @7 CH4 Al COp HER -3 AL i A g
TEMEZ A SCEYE . SR R 4.4.3 “Random Forest” 347 FEAL AR MRS AL -4 .
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AFRF AT IBANATKFER R - AR B 35 Eh B 2 fros. 0 B
(FRGFREE O I, ANEDK> &8 AR Eh 2SI EEEE 0572, Eh 23U #% . 60%SWC
>80%SWC >100%SWC >3F.
0~80 d, 3 Eh BH-&/KRAIE N iH . KN IR, 35 /K R MR B = 10
¥4 Eh 43500 337.44. 245.10. -42.02. -94.08 mV; i@ % 4 HEALEE ) Eh 43950k 221.45.
148.31, -101.41, -138.78 mV, XN /K E X AR AL B B A A FIFRRE T P 38N 4 bl
b PR, BB RIS RGN, 3% Eh 23058 TG BT RS, HAE 60%SWC. 80%SWC
FKE AR AiKx RAREE Eh AT FF.

—— CK 60% SWC —C— CK 80% SWC —— CK 100% SWC —7—CK 3F

—m— 60% SWC —8—80% SWC —&— 100% SWC ¥ 3F
500 Ot
FFUG4 A Start injecting the solution
400 1

W: ¥Es

WAL S AT Eh/mV

-40 -20 0 20 40 60 80
K #E05 (7] Incubation time/d

7E: CK 60%SWC. CK 80%SWC. CK 100%SWC. CK 3F 43537k 55 & oy 60% L3t &K i, 80% - tufn
FKE. 100% - HHAFEKE. 3om FKMIXTEE (4iK) 4bFE; 60%SWC. 80%SWC. 100%SWC. 3F 7 l&nKr& N
60% LIRS KR, 80% L AN KB, 100% L RIS /K& 3 em HKAEN A RELE: C, MAMMA: W, &K
By CXW, HEMASEKERZIIER; > **fg AR B K P<0.05. P<0.01 fll P<<0.001, ns&mAkzE
(P>0.05). N[, AR 0 RomTIEFREE RN ], MEALAR ) 1 HCR R TS IR ). Note: CK 60%SWC, CK 80%SWC, CK
100%SWC, CK 3F represent control treatment (water) with soil water content maintained at 60% of soil water holding capacity, 80% of
soil water holding capacity,100% of soil water holding capacity, 3 cm flooding, respectively; 60%SWC, 80%SWC, 100%SWC, 3F, glucose
addition treatment with soil water content maintained at 60% of soil water holding capacity, 80% of soil water holding capacity,100% of
soil water holding capacityand 3 cm flooding, respectively. C, glucose input; W, water content; C X W, interaction between glucose input
and water content; *, **and *** represent significance levels of P <0.05, P <0.01 and P <0.001, respectively; ns indicates no significance
(P > 0.05). The same below. The 0 on the horizontal axis indicates the end of the pre-incubation period; negative values on the horizontal
axis represent the duration of the pre-incubation.
2 TIREACIE IR AL AR AL

Fig. 2 Changes in soil redox potential
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2.2 FHTREE TR — SRRV HERURHE

TG KE (Bh B FIVHE 45 5 N A HAZ TAE FIXT L CHa AT CO2 1) BT L RIS H
W E e (P<<0.001) (] 3). f£ 0~80 d (37N, #AbBRH CHa Al CO2 I RIFA"
A B Y R TR T AE KT 3G 0, L CHa 22 T HEBCR 52 1 8 S Ak JEBE P s 8k () 3D
gl K IR AL e, AEAN S K BTN (B0%SWC. 80%SWC) CH, 7EI% 3745 80 KNt &
THHE A 1.44 F11.16 mg-kg? (BA C i, FFD, &1 CH, HOEMRAL, St
R JFES (K 3a); MWAE /KESM N CHy BitHEmcE R N, 7£ 100%SWC 1 3F
AbFE FRHECE ATIA 1138 Al 1685 mg-kgt. CO» 1) 2 iH-HE i &t B AN & /K A B T
I KA ARBAE K ESIE TR CO, Bt LEMIL, ARE IR WM 1k
R

AN HR A N AT R % B B AR I CHa R CO2 B L3R Je B H b & (
3)o 0~20d N E HERS, & A0BR B0 T8 Z 5 Al B /MR BEE T s A5 1 3d N 4 b
Ji (20~80d), MIAIE/KEALTE (100% SWC. 3F) ] CHy Al CO, B fb i St 1 i, 7E4)
5534 RGBT METAKI, @ AR R 70 418 100% SWC Al 3 F b H H 1
CHs B 1L 24> BB N 83%A1 37%; (HARMEM S /KE A=K CHy EARAK, FRER;
FRIF ) TC B AR, ANERR SN 1% 5 K AL R ) CHy HEGE 2 B2 /N TR &K &
AbFE (P 3a ATl 3e). AN[E Eh BRE AR, @A E AR CO, Rt bR m TR
IKER T SO REALBE AN S K B 26 B AT RN 5 CO2 [ BT (34 i &= AR T CHa,
HARBMEF T RZ .

WANSNERACEE R, BARSRIE (BC) M b S/ T R I b (B 3¢
A 3d). HE— B EOR RN R B, ARV AN K A A A & HE S AT CHa JEA K 7=
AP RS T 100%SWC il 3 F ALY CH, SR THUR ZUR3 2 /a2 181 n. 20d Jeilvigin
TE\ TG 12 ET PR . CO27E 80 d B ) BTHHUR BN K /NR A : 80%SWC <60%SWC
<3F<100%SWC, H, 60%SWC FiI 80%SWC 7& H&AN 5% 77 & W N 15 1F 3% & 3508
100%SWC F11 3F ZLERUIFE 20 d BFik B0 OB ) B AR AL, 1T el b7t Rl A B 7 )
[PIHEIE 2% (1 3.
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wa OT
R L
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o L
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170 ) Incubation time/d 5470 ] Incubation time/d
« —8— 60% SWC CH,
g w00 VZACHA.C  ¢) P s : f)
g i’ 1200 _El({) -C 2~ —.— 50 .
E :: ¥4 O— B0% 0,
E T L0 g 600 F—a 1000 swe LH‘
S E /i 100% SWC CO,
800 E 3 —¥—3F CH,
= = [~ 3F Co,
38 et 3F €O,
e B
2z 400 b = Eapl
= T mE
B8 200 F g B
b ok
Az WJTA: V SER= . . ‘ .
60% SWC 80% SWC 100% SWC 0 20 40 60 80

4LFE Treatment HEFR0E ] Incubation time/d

W R [F) /NS R R A BE ] 25 53 45 2% (P<<0.05) . Note: For the same gas type, different lowercase letters indicate
significant differences among treatments (P < 0.05).
K 3 IS LIEEBE LT CHay CO2 Ml BSCHay BCO: i R THIBUR: (a~d). F & B 5L AT CHa F1
COx bt (e ANFRARL (F)
Fig. 3 Total fluxes of CH,, CO,, *CH,, and 3CO, under soil redox gradients (a-d) and CH,, CO, emmissions induced by glucose
input (e) and priming effect (f)

2.3 EUTREE T IRANA MR R SR SR HEHIE

1+ DOC &8 LK EEHN (P<0.05) (K 4). AREAIW (1d), HLs

e M A AL, MRS /KB (100%SWC F1 3F) R DOC & EAK T M Fn & /K kb 2

(60%SWC F1 80%SWC). 1545 (80d), Zli/KxIRALH & /Kor 264+ F DOC &&= LT
EIESE, R R N AL U 2 IR AN S K AR B TR R EK b (& 4a RTE
4b). pbAh, XHHRALERH, BTk AbEE DOC & 240l 45 55 2 [a] (R B 0 stk (& 4a),
AT WA, 80 d A PUANSE AL IE JEUR B AL B DOC T3 & & F{K 7 30.56%. 1 il A\ Fi
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Fig. 4 Changes in soil dissolved organic carbon (DOC) content and organic carbon aromaticity (SUVA,s4) (a, ¢ correspond to
control treatments without glucose addition, b, d correspond to treatments with glucose addition)
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Fig. 7 Correlation analysis of CH, and CO, emission rates with Eh(a), Fe* (b), CBH(c), and PO (d), and correlation heatmaps
for the treatment without (e) and with(f) glucose addition
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